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Objective: Image-guided surgery provides a mechanism to accurately and quickly assess the location of surgical tools
relative to a preoperative image. Traditional image-guided surgery relies on infrared or radiofrequency triangulation to
determine an instrument location relative to a preoperative image and has been primarily used in head and neck
procedures. Advances in ultrasonic tracking devices, designed for tracking catheters within vessels, may provide an
opportunity for image-guided endovascular procedures. This study evaluates the positional accuracy of an ultrasonic
navigation system for tracking an endovascular catheter when different stents and graft materials have been deployed in
an in vitro system.
Methods: Stent and graft materials commonly used in endovascular procedures were used for this study in combination
with a custom three-head ultrasonic transducer navigation system. The stents evaluated were composed of Dacron/
nitinol, polytetrafluoroethylene (PTFE)/nitinol, and bare nitinol. They were deployed into excised porcine tissue
cannulized with a rotary drill, and a catheter with a custom microtransducer probe was inserted. The distance from each
ultrasonic trackingmodule to a probemounted on an endovascular catheter was measured using time of flight techniques,
and the catheter position in three-dimensions was calculated using triangulation.
Results: The measured position was compared to the actual catheter position determined by a precision translation stage.
The PTFE/nitinol, bare nitinol, and Dacron/nitinol stent materials were evaluated and resulted in a maximum error of
1.7, 3.0, and 3.6 mm and an SD of 0.7, 1.2, and 1.4 mm, respectively. A reduction in signal intensity of up to 6 was
observed during passage of the endovascular probe through the stent materials, but no reduction in the accuracy of the
ultrasonic navigation system was evident.
Conclusion: The use of an ultrasonic-based navigation system is feasible in endovascular procedures, even in the presence of
common stent materials. It may have promise as a navigational tool for endovascular procedures. (J Vasc Surg 2009;50:
1143-8.)
Clinical Relevance: This investigative work represents the initial interrogation of using an ultrasound navigation system
as a platform for virtual reality image-guided endovascular navigation procedures. Navigation systems for head and neck
procedures have been used extensively in head and neck surgery. This work demonstrates the technical feasibility of an
ultrasound-based navigation system for use in endovascular therapy. Use of this technology could reduce operative time,
contrast and radiation exposure, and improve the accuracy of conventional endovascular therapy by allowing navigation
of three-dimensional computed tomography (CT) vascular images during endovascular procedures.Endovascular interventions are an essential treat-
ment modality for atherosclerotic as well as aneurysmal
vascular disease. Currently, common endovascular pro-
cedures include balloon angioplasty with or without
stent graft deployment guided by angiographic images.1
More complex endovascular procedures such as endo-
vascular aortic aneurysm repair (EVAR) require high-
resolution preoperative imaging such as computed tomog-
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sophisticated three-dimensional (3D) reconstruction in or-
der to assess the patients’ aortic/vascular anatomy and
suitability for endovascular repair. However, the procedure
relies on two-dimensional (2D) intraoperative contrast an-
giography for catheter guidance as well as positioning and
deployment of endografts.
Technologies that go beyond traditional 2D angiogra-
phy include direct intraoperative imaging with instrument
identification algorithms2-6 or preoperative imaging stud-
ies in combination with a navigation system that can locate
a probemounted on a surgical instrument in 3D.7-11 Direct
intraoperative imaging includes ultrasound scan3-6 or low-
resolution MRI,2 with probes that are made of a material
that can be directly imaged or can detect the imaging signal
and feed that signal back to the computer. Direct intraop-
erative imaging has the potential to provide the surgeon
with the highest accuracy for tracking instruments relative
to the anatomy owing to the real-time image acquisition,
but it has limitations in resolution and surgical access. In
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a probe mounted to a surgical instrument using triangula-
tion techniques commonly employed in global positioning
systems (GPS) and have found extensive use in sinus sur-
gery and localizing head and neck tumors.7
A car with a GPS system is tracked by multiple satellites
to triangulate its position. Using similar techniques, the
operative probe acts as an internal sensor that is tracked by
multiple devices located external to the patient’s body,
which triangulates its position in 3D. Automobile naviga-
tion systems use GPS and pre loaded roadmaps to identify a
car’s position relative to the known road map and provide
real-time road directions. Similarly, a surgical navigation
system identifies the probe position and overlays its posi-
tion on a preoperative CT/MRI scan to provide real-time
tracking of a surgical instrument relative to the patient’s
anatomy. Surgical navigation systems use infrared,7 electro-
magnetic,7,10,11 or ultrasound scan8,9 technologies for
tracking the probe intraoperatively. Such a navigation sys-
tem, when fully developed for endovascular procedures,
would permit real-time endovascular navigation and device
deployment on a 3D CT aortic or arterial image with the
potential benefits of less radiation, less nephrotoxic con-
trast, and greater accuracy of deployment than is currently
possible with traditional uniplane or even biplane angio-
graphic guidance.
Previous navigation system studies assessed probe po-
sitional accuracy and discussed potential issues associated
with infrared absorption and electromagnetic interfer-
ence.7-11 However, none of the previous studies evaluated
the accuracy of a navigation system in the presence of
nitinol stents or fabric material used for aortic endografts.
For a surgical navigation system to be used in endovascular
interventions, it must demonstrate compatibility with these
materials. This study quantifies the impact of nitinol and
commonly used endograft material on the accuracy of an
ultrasound-based navigational system in an in vitro model.
MATERIALS AND METHODS
System overview. A schematic representation of the
ultrasonic navigation system (UNS) is shown in Fig 1. The
UNS utilizes three spatially fixed 3.5MHz ultrasonic trans-
ducer elements (the tracking modules) (Olympus NDT,
Waltham, Mass) which each emit precisely timed pulses of
ultrasonic energy with a pulse width of 200 ns, and a fixed
frequency of 510 Hz. The tracking modules are driven by a
custom-made multi-channel voltage pulse source con-
trolled by a PC running LabView software (National In-
struments, Austin, Tex). The probe, which passively detects
the ultrasound pulse after it travels through the tissue, uses
a 4-mm-diameter custom cylindrical catheter-mounted ul-
trasonic transducer made from commercially available pi-
ezoelectric material (Boston Piezo Optics, Bellingham,
Mass) which is electrically amplified with a wideband elec-
trical amplifier (Panametrics 5072PR, Waltham, Mass).
The signal from the probe is recorded on an oscilloscope for
manual measurements, or a PC with a PCI-5114 digitizer
board (National Instruments, Austin, Tex) for automatedmeasurements. Absolute 3D reference was determined by
mounting the catheter with the probe to a precision move-
able stage.
Measurement of the probe position in 3D occurs from
a series of steps. First, a single tracking module generates a
pulse of ultrasonic energy traveling at the speed of sound,
which is received at the probe, then the time of flight from
the tracking module to the probe is measured. The process
is repeated for the remaining two tracking modules and
their results are recorded. The physical distance from each
tracking module to the probe is calculated based on the
known speed of sound in tissue and the time of flight.
Finally, knowledge of all three tracking modules’ exact
location in 3D space and the calculated physical distance of
each tracking module to the probe from the time of flight
measurements are used to triangulate the probe position in
3D space. Although not demonstrated in this report, the
triangulated position could then be imported into a graph-
ics processing unit which was already uploaded with the
preoperative CT/MRI scan to inform the surgeon intraop-
eratively where the catheter is within the patient with full
three-dimensionality. The system used in this experiment
used manual manipulation and calculations; a commercial
system would integrate these tasks with software. The
typical time of flight for these distances is 100-200 s. We
anticipate that an integrated system will calculate and plot
the probe’s position in less then 10 ms; therefore, the
acquisition time will not be a limiting factor in the use of
this technology.
Experimental design. The purpose of the experiment
is to assess the challenges of tracking a catheter-mounted
ultrasonic probe located within deployed commercially
available stent materials as well as the overall accuracy
within tissue. In the event the UNS could not be tracked
within commercially available stents or had insufficient
accuracy, the UNS would have limited utility for more
complex endovascular procedures in which multiple stents
Fig 1. Schematic representation of the ultrasonic navigation sys-
tem with three fixed tracking modules and one movable endovas-
cular catheter with an attached probe.are often deployed.
JOURNAL OF VASCULAR SURGERY
Volume 50, Number 5 Bond et al 1145A water tank immersion bath was used with a large
piece of excised porcine tissue with muscle, subcutaneous
fat, and skin intact held approximately 20 cm from the
tracking modules replicating the actual distance expected
during intraoperative use. The tissue piece measured ap-
proximately 15  10  6 cm. The tissue was cannulated
with a rotary drill to simulate an artery and stents were
deployed covering one half to three quarters of the simu-
lated artery. Animal models were not used for the evalua-
tion of stent materials to eliminate the complexity associ-
ated with identifying the absolute reference of the probe
position. However, animal models are currently under in-
vestigation and show similar results as the water tank setup
in terms of signal transmission. During the experiment
partial stent covering of the porcine tissue, simulated artery
was used so a reference signal was available to compare
tracking both inside and outside of the deployed stent. A
representation of the water tank setup with the porcine
tissue is shown in Fig 2 with the movable endovascular
probe attached to a precision translation stage, deployed
stent within the simulated artery, and three physically fixed
tracking modules. For reference accuracy assessment of the
UNS system in the absence of stent materials or tissue, the
same setup was used without excised porcine tissue or stent
materials.
During the experiment, the UNS system is used to
calculate time of flight for all three tracking modules to the
probe and calculates a position in the X,Y,Z coordinates.
The actual position in space is recorded by the moveable
translation stage, which is precalibrated to provide the exact
X,Y,Z physical location, and a comparison of the accuracy
of the system is made according to that reference measure-
ment. The endovascular probe was moved vertically with
the translation stage in 1-mm increments completely
through the transition region from the edge of the stent
Fig 2. Pictorial of the water tank setup used for the determination
of the effects of deployed commercially available stent materials on
the accuracy of an ultrasonic navigation system.and correlations in actual vs measured position were per-formed. The probe was moved linear in a single direction
since this experiment was focused on determining the
effects of the stent materials. It should be noted that a
tortuous vessel or random placement has no impact on the
system since the calculation of position has no dependency
of the previous measurement.
The experiment was repeated for three commercially
available stent and graft materials. Materials evaluated were
composed of bare nitinol (WLGore&Associates, Flagstaff,
Ariz), polytetrafluoroethylene (PTFE)/nitinol (WL Gore
& Associates), and Dacron/nitinol (Medtronic, Minneap-
olis, Minn). Stainless steel stents were not evaluated
during this series of experiments; however, the perfor-
mance should be similar since the UNS system relies on the
energy which goes through the openings and is not re-
flected by the metal.
RESULTS
The accuracy of the UNS was first assessed in the
absence of stent materials or porcine tissue. The probe was
placed in 90 different known locations with 1.0-mm reso-
lution and the UNS tracking system was used to measure
the probe location. The difference of the measured position
vs the reference position demonstrated a maximum error of
2.1 mm and an SD of 1.5 mm.
Figs 3-5 show the measured vs actual position of the
endovascular probe while traversing the transition region of
the PTFE/nitinol, Dacron/nitinol, and bare nitinol en-
dograft materials that were deployed within the porcine
tissue. The measured position was calculated using the
UNS, and the actual position was recorded from the preci-
sion translation stage. Each stent was evaluated at numer-
ous positions along its length. The probe was positioned at
60 individual positions during the bare nitinol stent mea-
surements, 55 positions during the PTFE/nitinol measure-
ments, and 75 positions during the Dacron/nitinol mea-
surements. At each location, the UNS was used to
triangulate the position of the probe. The resolution of our
positioning device was 1 mm and limited the number of
data points that could be obtained.
The signal intensity dropped by a factor of six when the
endovascular probe entered the PTFE/nitinol and bare
nitinol stent material, as can be seen in Figs 3 and 5. The
edges of the stent materials can be identified by the changes
in intensity, with the higher intensity being located outside
of the stent material. Note that the bare nitinol stent was a
shorter stent and shows a bimodal increase in intensity
identifying the entrance and the exit from the stent. The
Dacron/nitinol stent in Fig 4 demonstrated less of a differ-
ence in signal intensity inside or outside of the stent (2).
Measured signal intensity is the amount of energy that
ultimately reaches the endovascular probe. We expect a
certain amount of this energy to be reflected from the
nitinol material and the overlying graft materials. The
PTFE graft material in particular has micro air cells, which
are known to reflect ultrasonic energy. All measurements
were completed within 4 hours of deploying the stents to
avoid the beneficial effects of the PTFE air cells filling with
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mesh size that was 2 times smaller than the PTFE/nitinol
stent, explaining the unexpected similarities in intensity
changes inside and outside the bare stent with the PTFE/
nitinol device. The Dacron/nitinol stent demonstrated
significantly less changes both inside and outside the stent
material. Dacron is a better conductor of ultrasonic energy,
and the mesh size for Dacron nitinol stents is slightly larger
than the PTFE/nitinol stents. Although there are signal in-
tensity fluctuations, Figs 3-5 illustrate that the transition from
stent graft to bare porcine tissue is smooth in terms of posi-
tional accuracy for all stent materials assessed. This is expected
since the UNS uses a tracking algorithm based on time of
flight and is only limited to the system’s ability to pick up the
signal and measure this time delay. This is fundamentally
different from an ultrasound scan imaging systemwhich relies
on variations in signal intensity to visualize the underlying
tissue. The normal limitations of ultrasonic imaging do not
apply with an ultrasonic navigation system.
The Table summarizes the results for the three graft/
stents studied. The SD from actual vs measured was 0.7-1.4
mm and the maximum difference was 1.7-3.6 mm. Un-
Fig 3. Measured position and signal intensity vs actual position of
a microtransducer probe as it traverses a polytetrafluoroethylene
(PTFE)/nitinol stent. The maximum error was 1.7 mm, with an
SD of 0.7 mm.paired t tests were performed in a 4  4 matrix comparingthe control, nitinol, PTFE/nitinol, and Dacron/nitinol.
The P values in all cases were  .4, indicating that the
results of all measurements showed no statistical difference
between the materials used. Although the PTFE/nitinol
stent material demonstrated better results than the control,
the unpaired t test demonstrates that this improvement is
not statistically significant (P .57) and further studies are
needed for validation.
DISCUSSION
Single plane digital subtraction angiography (DSA) is
the standard imaging used for endovascular guidance dur-
ing endovascular stent and endograft placement. When an
image is desired, the C-arm source and detector is simply
brought into position and an image is displayed onto an
intraoperative video monitor. However, DSA has signifi-
cant limitations. The DSA requires ionizing radiation,
which can be harmful to the patient and the operating room
staff.12 In addition, traditional methods for visualizing the
vessel rely on iodinated contrast, which can lead to adverse
reactions such as nephrotoxicity.13 As a 2D imaging mo-
dality, angiography/fluoroscopy does not provide 3D in-
formation. In order to obtain depth information, the sur-
Fig 4. Measured position and signal intensity vs actual position of
a microtransducer probe as it traverses a Dacron/nitinol stent. The
maximum error was 3.6 mm, with an SD of 1.4 mm.geon must rotate the C-arm and repeat the angiogram at
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tion and contrast exposure. Lack of depth information can
present a challenge when attempting to navigate through
complex vessel geometries and lead to misinterpretation of
images in heavily diseased vessels.
The ideal solution to intraoperative endovascular visu-
alization would be an easy-to-use system that can give
real-time 3D internal anatomies and accurate visualization
of the catheter within a vessel, without the drawbacks of
continuous radiation exposure or iodine exposure. By far,
the most complex system to date for intraoperative imaging
Fig 5. Measured position and signal intensity vs actual position of
a microtransducer probe as it traverses a bare nitinol stent. The
maximum error was 3.0 mm, with an SD of 1.2 mm.
Table. Correlation results of the measured vs one actual
position for three different commonly available stent
materials deployed in an excised porcine tissue
No. Max difference (mm) SD (mm)
Control 90 2.1 1.5
PTFE/nitinol 55 1.73 0.72
Bare nitinol 60 3.0 1.15
Dacron/nitinol 75 3.56 1.36
PTFE, Polytetrafluoroethylene.utilizes MRI primarily for surgical removal of brain tumors.The intraoperative MRI can, in principle, satisfy the re-
quirements of low radiation exposure and high 3D accuracy
with no iodinated contrast exposure. However, the use of
an MRI scanner is cumbersome and requires tradeoffs in
resolution and surgical access (a function of magnet size).2
Ultrasound scan is another commonly used modality for
imaging and is extensively used in assessing vessels owing to
its ease of use, availability of Doppler, lack of radiation, and
cost efficiency. The use of intraoperative ultrasound scan
imaging to track endovascular probes has been attempted
in the past. However, identifying the probe on an intraop-
erative ultrasound scan image for endovascular probe track-
ing had limited success owing to limitations in resolution
and repeatability.3-6 Hybrid CT/Angio imaging units have
also been used for coronary interventions. The addition of
preoperative CT image information to the existing angio-
graphic images provides 3D information for the operator at
the time of coronary intervention. However, the absence of
a navigation system limits the use of CT image information
for real-time device deployment.
An alternative approach to increasing the accuracy of a
surgical instrument’s location is combining an intraopera-
tive instrument tracking system with a preoperative MRI or
CT scan image. This technology is currently in use for head
and neck procedures.7 One technique for tracking the
instrument utilizes a radiofrequency transmitter mounted
to a patient’s headset and an electromagnetic sensor incor-
porated into a handpiece of the instrument. Another tech-
nique utilizes infrared cameras with infrared light-emitting
diodes positioned on the patient’s head as well as the
surgical instrument. In both cases, the cameras or the
radiofrequency transmitters use triangulation of multiple
signals, similar to GPS, to exactly calculate the position of
the surgical instrument relative to known reference points
on the patient’s external visible anatomy. This position is
then displayed real-time on preoperative CT/MRI scan
imaging by means of a pointer to tell the surgeon exactly
where the instrument is located relative to the patient’s
internal anatomy, reducing complications and operative
time. The main drawback to the electromagnetic approach
is the use of electromagnetic energy. The presence of
metallic objects in the surgical field distorts the positional
accuracy. The infrared-based system requires a clear line of
sight between the surgical handpiece and the infrared cam-
eras; in addition, the infrared system is subject to soft tissue
absorption.
A tracking system that would be designed for endovas-
cular procedures needs to work effectively in deep tissue
structures where infrared absorption will be high, and
within commonly deployed stent and graft material that
could interrupt the electromagnetic waves. An alternative
to radiofrequency and infrared is the use of ultrasonic
energy for the tracking system, providing a zero radiation
modality without the drawbacks of soft tissue absorption
and electromagnetic interference. The integration of the
concept of a catheter-mounted ultrasonic transducer probe
with external triangulation has been successfully demon-
strated.8,9 The probe received signals from three external
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calculated providing the position in the X,Y,Z space
through triangulation.
Our results demonstrate the feasibility of using an
ultrasound scan-based navigation system for endovascular
procedures in the presence of commercially available en-
dograft materials. Although a drop in intensity was ob-
served while the catheter was inside the endograft, the
calculation of time of flight is independent of actual signal
amplitude. As long as there is sufficient signal-to-noise ratio
to adequately assess the change in signal intensity on the
rising or falling edge of the signal pulse used to measure the
time of flight, the catheter position can be determined.
Since the presence of the endograft did not limit the
positional accuracy of the catheter-mounted endovascular
transducer, a smooth transition was recorded when travers-
ing internal to the stent and outside of the stent. Smaller
mesh size stents and overlapping stents will have a corre-
sponding reduction in signal intensity, which will reduce
the measurement accuracy of the signal. Our experience is
with simple signal amplitude threshold algorithms with
mesh sizes down to 2 mm. However, the use of digital
signal processing algorithms and frequency modulation
techniques should enable accurate resolution down to
much smaller mesh sizes, although it is unknown at this
time what the fundamental limit will be. We believe that
with further signal modulation techniques the accuracy can
be improved further and should not fundamentally limit
endovascular navigation by the UNS concept. It is worth
noting that the probe does not emit any ultrasonic energy
and, therefore, does not interfere with the tracking module
signal. In an actual system there is no limitation to the
number of probes that can be used at one time.
One limitation of surgical navigation systems is the
requirement for fixed anatomic position of the tissue or
vessel of interest relative to fixed skeletal locations used for
reference positioning. Surgical navigation systems for en-
dovascular repair will have greater application in larger
vessels that remain fixed relative to skeletal structures.
CONCLUSION
The use of an ultrasonic-based navigation system is
feasible in endovascular procedures, even in the presence of
common stent materials, and may have promise as a navi-
gational tool for endovascular procedures. This investiga-
tive work represents the initial interrogation of using UNS
as a navigation platform for virtual reality image-guided
endovascular navigation procedures. Next steps in our in-
vestigative plan designed to test the ultimate feasibility of
the UNS, and virtual navigation in general, include reduc-
ing the noise profile to increase positional accuracy, evalu-ating the influence of anatomy and varying tissue density,
reducing the diameter of the probe, and developing soft-
ware that displays in real-time the navigation information
on preoperative CT/MRI scans during the performance of
endovascular procedures.
AUTHOR CONTRIBUTIONS
Conception and design: AB, FW, JM, SH, JY
Analysis and interpretation: AB, JM, SH
Data collection: AB, JM, SH, DF
Writing the article: AB, FW, JM, SH
Critical revision of the article: AB, FW, JM, SH, DF, JY
Final approval of the article: AB, FW, JY
Statistical analysis: AB
Obtained funding: AB, FW, JY
Overall responsibility: FW
REFERENCES
1. Allaqaband S, Solis J, Kazemi S, Bajwa T, American Heart Association,
American College of Cardiology. Endovascular treatment of peripheral
vascular disease. Curr Probl Cardiol 2006;31:711-60.
2. Jolesz FA. Future perspectives for intraoperative MRI. Neurosurg Clin
N Am 2005;16:201-13.
3. Breyer B, Cikes I. Ultrasonically marked catheter–a method for positive
echographic catheter position identification. Med Biol Eng Comput
1984;22:268-71.
4. Vilkomerson D, Lyons D. A system for ultrasonic beacon-guidance of
catheters and other minimally-invasive medical devices. IEEE Trans
Ultrason Ferroelectr Freq Control 1997;44:496-504.
5. Merdes CL, Wolf PD. Locating a catheter transducer in a three-
dimensional ultrasound imaging field. IEEE Trans Biomed Eng 2001;
48:1444-52.
6. Novotny PM, Stoll JA, Vasilyev NV, del Nido PJ, Dupont PE, Zickler
TE, Howe RD. GPU based real-time instrument tracking with three-
dimensional ultrasound. Med Image Anal 2007;11:458-64.
7. Metson R, Gliklich RE, Cosenza M. A comparison of image guidance
systems for sinus surgery. Laryngoscope 1998;108(8 Part 1):1164-70.
8. Mung J, Han S, Fullerton D, Bond A, Liu B, Towfigh S, et al.
Ultrasound-based aortic navigation system-preliminary in vitro data.
Poster session presented at: Stanford AAA Summit; 2008 Sept 4-5, Palo
Alto, CA.
9. Mung J, Han S, Fullerton D, Bond A, Weaver F, Yen J, et al. An
ultrasonic navigation system for endovascular aortic repair. Poster ses-
sion presented at: MedicineMeets Virtual Reality 17th Annual Meeting;
2009 Jan 19-22, Long Beach, CA.
10. Schwarz Y, Greif J, Becker HD, Ernst A, Mehta A. Real-time electro-
magnetic navigation bronchoscopy to peripheral lung lesions using
overlaid CT images: the first human study. Chest 2006;129:988-94.
11. Wood BJ, Zhang H, Durrani A, Glossop N, Ranjan S, Lindisch D, et al.
Navigation with electromagnetic tracking for interventional radiology
procedures: a feasibility study. J Vasc Interv Radiol 2005;16:493-505.
12. Mahesh M. Fluoroscopy: patient radiation exposure issues. Radio-
graphics 2001;21:1033-45.
13. Morcos SK, Thomsen HS. Adverse reactions to iodinated contrast
media. Eur Radiol 2001;11:1267-75.Submitted May 28, 2009; accepted Jul 13, 2009.
